ABSTRACT: In single-site olefin polymerization catalysis, a large excess of cocatalyst is often required for the generation of highly active catalysts, but the reason for this is unclear. In this work, fundamental insight into the multifaceted role of cocatalyst methylaluminoxane (MAO) in the activation, deactivation, and stabilization of group 4 metallocenes in the immobilized single-site olefin polymerization catalyst was gained. Employing probe molecule FT-IR spectroscopy, it was found that weak Lewis acid sites, inherent to the silica-supported MAO cocatalyst, are the main responsible species for the genesis of active metallocenes for olefin polymerization. These weak Lewis acid sites are the origin of AlMe 2 + groups. Deactivation of metallocenes is caused by the presence of silanol groups on the silica support. Interaction of the catalyst precursor with these silanol groups leads to the irreversible formation of inactive metallocenes. Importantly, a high concentration of MAO (14 wt% Al) on the silica support is necessary to keep the metallocenes immobilized, hence preventing metallocene leaching and consequent reactor fouling. Increasing the loading of the MAO cocatalyst leads to larger amounts of AlMe 2 + , fewer silanol groups, and less metallocene leaching, which all result in higher olefin polymerization activity.
■ INTRODUCTION
The serendipitous discovery of methylaluminoxane (MAO) and the subsequent realization of its superior potential as activator for single-site metallocene catalysts over trimethylaluminum (TMA) sparked the scientific interest in the field of metallocene polymerization catalysis. 1, 2 Metallocenes typically consist of sandwich complexes composed of a group 4 transition metal and cyclopentadienyl-derived ligands, of which zirconocenes are the most frequently employed. 1 The interaction between an inactive metallocene (catalyst precursor) and the MAO cocatalyst, referred to as an activator, gives rise to an unsaturated cationic metallocene species, which is considered the active site in olefin polymerization. 3, 4 Several activation mechanisms for the standard Cp 2 ZrCl 2 / MAO system have been proposed by different research groups. 5−9 Interaction of MAO with the dichloride metallocene precursor results in the extraction of the chloride ligands and methylation of the zirconium. 10 The cationic metallocene is then stabilized in a complex with the MAO−Cl − species. 11 There is, however, no unanimous consensus on the exact species in MAO that are responsible for metallocene activation. This is related to the fact that MAO is a very complex compound, comprising also free TMA. The exact molecular structure of MAO is therefore still not well identified despite extensive research from both experimental 12 and theoretical perspectives. 13 Another important question remains the apparent necessity for large excesses of MAO for metallocene activation (Al/M ratios of 1000−10 000). 1 Coevoet et al. demonstrated that in toluene for low Al/Zr ratios only monomethylation of the metallocene dichloride occurred, while the active cationic metallocene was only formed at high Al/Zr ratios (2000) . The use of a polar solvent (CH 2 Cl 2 ), however, decreased the amount of required MAO by a factor of 20.
14, 15 Kaminsky and coworkers showed that the Al/Zr ratio can be reduced to a number of 30−50 when placing the metallocene on a support. 16, 17 The heterogenization of the MAO/metallocene can be done in several ways. 1 Metallocenes can be grafted to the support and subsequently be activated by introducing MAO to the system. On the other hand, metallocene precursors can also be directly grafted onto supported MAO activators. The order in which metallocenes and MAO are introduced on the support can significantly influence the final activity due to the formation of different surface species. 1 The influence of supporting the catalytic system on the molecular interactions concerning the formation of active metallocenes by MAO, however, has not been accurately and irrefutably reported to the best of our knowledge. Generally, two kinds of species in the cocatalyst are believed to be responsible for metallocene activation: Lewis acid sites (LAS) and AlMe 2 + groups. 9,18−23 This has been shown in experimental work on MAO, employing probe-molecule NMR, EPR, and IR spectroscopy by Zakharov and coworkers, 18,24−27 and through computational work by Linnolahti and coworkers 9, 22, 28 and Zurek and coworkers. 13, 29, 30 Zakharov et al. stated that the strongest LAS found in silica-supported MAO are the responsible species for the activation of the zirconocene precursor, showing a correlation between the concentration of strong LAS and the activity of the final catalyst. 19 Instead, Hirvi et al., Luo and Diefenbach et al., and Thorn and Blakley et al. propose that the main responsible species for the activation of the metallocene precursor must be mobile AlMe 2 + groups that are transferred from MAO to the catalyst. 21,22,31−36 The modeling study of Ghiotto and coworkers demonstrated both Lewis acid sites and AlMe 2 + species to be capable of metallocene activation for olefin polymerization. 9 More recent theoretical work by Kuklin and coworkers showed that Lewis acid sites activate metallocenes through direct abstraction of the chloride ligands, directly yielding the cationic zirconocene species, whereas AlMe 2 + species activate the metallocene by coordination to the precursor. As a result, [Cp 2 ZrMe 2 -μ-AlMe 2 ] + species are formed, which are considered dormant species of the active cationic species, stabilized with TMA. 37 Furthermore, they suggested that the metallocene precursor Cp 2 ZrMe 2 is more likely to be activated by AlMe 2 + than Lewis acid sites. However, Lewis acid sites become more active when surrounded by a solvent with a high dielectric constant (polar solvent), indicating that easy transfer and delocalization of charges facilitate metallocene activation. 37 In this work, the multifaceted role of methylaluminoxane in the catalytic performance of the silica-supported MAO/ zirconocene olefin polymerization catalyst is presented. We have studied a well-defined set of supported activators (MAO/ SiO 2 ) and corresponding catalysts (Zr/MAO/SiO 2 ) with increasing MAO loading and constant metallocene loading. Supported activators were prepared through impregnation of a silica support with a 30% MAO solution. Next, the corresponding catalysts were prepared through impregnation of the aforementioned supported activators with the metallocene precursor (bis(1-methyl-3-butylcyclopentadienyl))-zirconium dichloride, as illustrated in Scheme 1. The acidic properties of the silica-supported MAO activators were studied with FT-IR spectroscopy using pyridine and CO as probe molecules for Lewis acid sites. The results provide insight into the nature of the active species within the supported MAO that are responsible for metallocene activation, hence explaining the observed changes in catalytic performance in the ethylene−1-hexene olefin copolymerization reaction. As a result, new structural insights into the multifaceted role of MAO in metallocene-based olefin polymerization catalysis were obtained.
■ EXPERIMENTAL DETAILS
Materials and Synthesis. Catalysts were prepared according to a synthetic protocol comprising three different steps: silica treatment, MAO anchoring, and zirconocene impregnation. All steps in this procedure were carried out under a N 2 atmosphere, and all solvents utilized for the synthesis were analytical grade and treated prior to any use in synthesis: Toluene (Fischer Chemical, purity: >99.99%) was degassed through dry nitrogen bubbling and dried employing molecular sieves. n-Pentane (Fischer Chemical, purity: 99%) was dried over calcium hydride. The moisture content was measured by Karl Fischer titration, giving a content level less or equal to 2 ppm. The 30% MAO solution containing approximately 26.2 wt% MAO and 5.2 wt% TMA was stored in a fridge at 255 K in order to prevent gel formation. All synthetic steps were carried out using standard glovebox techniques, and the prepared samples were stored in a N 2 glovebox, inside dark and well-sealed containers.
The syntheses yielded a set of samples, consisting of the parent silica (Si-0Al), five supported activators with increasing MAO loading (Si-(6-16)Al), and their corresponding catalysts (Zr/Si-(6-16)Al). In this notation, the number preceding the Al indicates the weight loading of Al, with 6 wt% being the lowest and 16 wt% being the highest loading. Scheme 1 gives a schematic representation of the three types of samples. A reference catalyst (0.27 wt% Zr on the parent silica) without MAO activator was also prepared (Zr/Si-0Al).
Silica Treatment. A commercial amorphous silica (ES767 from PQ), with a surface area of 276 m 2 /g, a pore volume of 1.56 cm 3 /g, an average pore width of 19.2 nm, and a mean particle size of approximately 33 μm diameter, was heated at 423 K for 5 h on a fluidized bed under a dry N 2 flow to remove moisture.
Supported Activator Synthesis. In a glass round-bottom flask, an MAO solution was slowly added to a silica/toluene slurry (respective weight ratio of 1:5) under gentle mechanical agitation (precursor: Albemarle 30% MAO solution: 26.2 wt% in toluene, 5.2 wt% residual TMA). Subsequently, the whole mixture was heated at toluene reflux temperature (ca. 384 K) for several hours. After cooling down the slurry, a portion of supernatant was analyzed with 1 H NMR spectroscopy to determine the residual aluminum content (<2000 ppm). Furthermore, 1 H NMR spectroscopy was used to determine the silica OH concentration of the activators after titration of the hydroxyl groups with an excess of an Albemarle TMA solution, 99.4 wt%. The solid was finally filtered on a frit and washed three times with dry npentane followed by a drying treatment under vacuum for 1 h at room temperature. Following this procedure, five activators with increasing Al weight loading (6−16 wt%) were prepared.
Catalyst Synthesis. A determined quantity of the metallocene precursor (bis(1-methyl-3-butylcyclopentadienyl)zirconium dichloride) to reach the targeted zirconium content of 0.4 wt% was added to a slurry of the prepared MAO/SiO 2 activators in toluene (respective weight ratio of 1:5) in a glass round-bottom flask. The colored slurry was then mechanically stirred for several hours at room temperature. The final supernatant was colorless, indicating that most of the metallocene was anchored to the supported MAO.
Activator and Catalyst Characterization. Inductively Coupled Plasma Atomic Emission Spectroscopy. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) measurements were performed on a PerkinElmer ICP-AES 5300 DV instrument to make an elemental analysis of the samples.
Fourier Transform Infrared Spectroscopy. Fourier transform Infrared (FT-IR) spectra were recorded in transmission mode on a PerkinElmer 2000 instrument with a DTGS detector using 25 scans per spectrum and a resolution of 4 cm −1 . The self-supported wafer was positioned in a well-sealed cell that allows switching between vacuum and the probe molecule vapor/gas. All wafers were prepared in a N 2 glovebox with a hand-press (PIKE Technologies), resulting in selfsupporting wafers (6−13 mg/7 mm diameter) held by a stainless steel collar. All samples were stored and prepared in an inert and dry atmosphere, and therefore no treatment to remove adsorbed water or CO 2 was required.
For pyridine FT-IR spectroscopy measurements, pyridine adsorption was allowed for 30 min until equilibrium, with spectra taken every 5 min. Subsequently, vacuum desorption for 45 min followed by a temperature-programmed desorption (TPD) (5 K/min ramp to 823 K) under vacuum was applied, and spectra were taken every 25 K. For CO FT-IR spectroscopy measurements, CO (10% in He, purity 99.9%) was dosed at low temperatures (85 K) and at low pressures (between 1.0 × 10 −3 and 1.5 × 10 −3 mbar), with spectra being taken after each pulse. The subsequently applied decreasing pressures resulted in desorption. 18, 38 The mass of the wafer (mg) per cm 2 through which the beam is sent (effective cross section) is represented by ρ. Pyridine:LAS and CO:LAS stoichiometries were assumed to be 1:1; that is, only one probe molecule is adsorbed per accessible Lewis acid site.
Integrated areas were evaluated by fitting the raw spectra in BlueprintXAS. 39 For the pyridine FT-IR spectra, the spectrum in a vacuum prior to pyridine adsorption was taken as background, and for each spectrum 100 fits were attempted to explore the solution space of all parameters, including peak areas, based on the methodology encoded in this program to generate fits from unbiased start points. 40 For CO FT-IR spectra, a holistic model that included a fifth degree polynome, in addition to the CO stretching peaks, was employed. For each spectrum, 500 fits were attempted. In the end, a family of good fits, based on minimum sum of squared errors (SSE) in the regions of interest, and with reasonable baselines, was selected for the estimation of the peak areas along with their uncertainties.
Olefin Polymerization and Characterization. Olefin Polymerization. Ethylene−1-hexene copolymerization took place in a 5 L slurry-phase reactor at 358 K for 1 h employing 60 mg of supported catalyst, 2 L of the isobutane solvent, an ethylene pressure of 8.6 bar, 50 mL of the 1-hexene comonomer, and 6.77 × 10 −4 mol of scrubbing agent triisobutylaluminum (TiBA). All catalytic tests were performed in duplicate.
Polymer Characterization. The resulting polymers of the olefin copolymerization reactions were characterized using differential scanning calorimetry (DSC, melting temperature), 13 C NMR (short chain branching), gradient columns (polymer density), and sizeexclusion chromatography infrared spectroscopy (SEC-IR, molecular weight). Polymer bulk density was determined with the ASTM D1895 method. For polymer density measurements, the ASTM D2839 method was used for the preparation of the samples, and the ASTM D1505 method was used for the actual density measurements.
Differential Scanning Calorimetry. An aluminum pan was placed inside a sample holder and carefully charged with 3−6 mg of resin sample. A lid was manually placed over the pan/sample. Nitrile gloves were worn to protect the sample and standard TA aluminum DSC pans/lids from contamination. The sample holder was transported to the Q2000 crimp press where the pan was sealed. DSC measurements were performed using a TA Instruments DSC Q2000 instrument, heating to 433 K with 10 K/min and cooling to 303 K with 20 K/min. Two heating cycles were performed. The melting temperature
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Article measured during second heating cycle is recorded. DSC calibrations were performed for both T 0 (sapphire disk) and cell constant (indium) prior to sample analysis.
13 C NMR Spectroscopy. Identification of the comonomer branching content of the polyethylene samples was determined using 13 C NMR spectroscopy. Measurements were performed on a Bruker Ascend 500 MHz spectrometer utilizing a 5 mm liquid nitrogen cooled Bruker Cryoplatform Prodigy probe along with a variable temperature controller set to 398 K. Samples (approximately 0.1 g) were swollen in a solution (approximately 0.9 g) of 20% 1,4-dichlorobenzene-d 4 in 1,2,4-trichlorobenzene in a 5 mm NMR tube at 398 K in a vacuum oven for 30 min. After 30 min the pressure was slowly reduced to ∼100 kPa to remove bubbles and obtain uniform samples. Once homogeneous samples were obtained, the atmospheric pressure was restored. The samples were capped, quickly transferred into the NMR instrument, and allowed to equilibrate for 10 min at 398 K. The experimental acquisition parameters were set as follows: automated tuning, matching, shimming, 90′ pulse angle, 1.6 s acquisition time, 11 s relaxation delay, and a 10 scan loop with sufficient repetitions to acquire a signal-to-noise ratio of greater than 6000 in the final spectrum. Peak assignments and branching content determinations were done according to Randall et al. 41 Size-Exclusion Chromatography Infrared Spectroscopy. Samples were prepared by transferring 40 mg of resin to a tared vial and trichlorobenzene (TCB, stabilized with BHT) was added to prepare a 15 mg resin/mL TCB mixture. The mixture was covered and stirred at 433 K for 2 h. An aliquot was dispensed into a tared vial and further diluted to 1.5 mg/mL using TCB. The 1.5 mg/mL solution was covered and stirred at 433 K for 2 h prior to injection for analysis. Analyses were performed on a Freeslate Rapid GPC system equipped with a Polymer Char IR4 detector and a Gilson 305 HPLC pump, using 7.5 mm × 300 nm Varian Plgel 10 μm Mixed-B columns 3 in series. The operating temperature was 423 K at 1.0 mL/min solvent flow rate and 300 mL injection volume with an analysis time of 12 min per sample. Calibration standards polystyrenes in the range 3.050− 0.58 kDa were used.
■ RESULTS AND DISCUSSION
A well-defined set of samples comprising the parent silica (Si0Al), five activators with increasing methylaluminoxane loading (Si-(6-16)Al), and their respective catalysts with a constant zirconocene loading (Zr/Si-(0-16)Al), summarized in Table 1 , have been investigated. The parent silica impregnated with the catalyst precursor (Zr/Si-0Al) was included to serve as a reference material for the catalysts.
In separate sections, we discuss the catalytic performance of the studied metallocene-based olefin polymerization catalysts in the ethylene−1-hexene copolymerization reaction, including the resulting polymer characteristics. This is followed by a spectroscopic characterization of the activators and corresponding catalysts with FT-IR spectroscopy. Probe molecules CO and pyridine are employed in combination with FT-IR spectroscopy to determine and quantify the Lewis acid sites (LAS) present in the samples before and after zirconocene deposition. The acquired structural information as a function of MAO loading is correlated to the ethylene−1-hexene copolymerization activity of the catalysts, thereby establishing structure−activity relationships for this important catalytic olefin polymerization system. Catalytic Performances. Table 1 gives the composition of the prepared activator and catalyst materials, as determined with ICP-AES, and their corresponding ethylene−1-hexene copolymerization activity, fouling occurrence, and bulk polymer properties. All catalytic tests were performed in duplicate and showed good reproducibility. Reference material Zr/Si-0Al 
Macromolecules
Article gives, as expected, no quantifiable activity in the olefin polymerization reaction. A higher zirconium loading for this reference sample could not be achieved due to metallocene leaching from the surface during synthesis. With increasing MAO content, the activity per mmol of zirconium increases. The produced polymers were analyzed with SEC-IR (Table S1 ), which indicated similar molecular weight distributions for all produced polymers, corresponding to a molar mass dispersity (D M equals M w /M n ) of 2.2. Furthermore, DSC analysis (Table S2 ) indicated similar melting temperatures (393 K) and polymer density (0.926 g/ cm 3 ), corresponding to LLDPE grade for all catalysts, regardless of the Al/Zr ratio. On the other hand, an Al/Zr ratio of 130 and higher leads to an improved comonomer incorporation (CH 3 :1000C, 5−7), as determined with 13 C NMR spectroscopy. This indicates that each activated metallocene produces the same quality polymer, regardless of the MAO loading, but the amount of active single-site metallocenes is lower in the catalysts with a low MAO loading despite the excess of aluminum to zirconium centers.
Furthermore, reactor fouling occurs for Al/Zr molar ratios below 130, which is caused by the leaching of metallocene molecules from the surface. The produced polymer from these leached metallocenes becomes a sheet-like plastic that is sticking to the reactor walls on which supported polymer particles can agglomerate. As a consequence, the polymer morphology is nonuniform (bad) with a low bulk density. Therefore, it can be deduced that alongside the activation of metallocene precursors, MAO also functions as an anti-leaching agent. Apparently, a sufficient amount of MAO (Al/Zr 130) is required to keep the metallocenes on the surface and prevent leaching and consequent reactor fouling.
Vibrational Properties of Activators and Catalysts. FT-IR spectroscopy was employed to characterize the structural properties of the silica support, activators, and catalysts. Figure  1 presents the FT-IR spectra (normalized for sample density) at room temperature under vacuum for the parent silica (Si-0Al), activators (Si-(6-16)Al), and corresponding catalysts. All common vibrational bands in Figure 1 can be attributed to the silica support: At low wavenumbers, from 2080 to 1550 cm −1 , we can find the combination bands of the silica support network. 42, 43 Furthermore, in the OH stretching region (3800− 3000 cm −1 ), bands characteristic for silanol groups can be observed: The peak at 3740 cm −1 is attributed to isolated silanol groups with a tail associated with silanol groups localized on inner surfaces (3670 cm −1 ). 44 The broad band centered at 3650 cm −1 is assigned to OH groups retained inside pores (intraglobular), 45 and the band at 3535 cm −1 is assigned to ν-OH of H-bonded vicinal silanol groups. The decreasing intensity of this band at 3535 cm −1 with increasing MAO loading characterizes the silica surface dehydroxylation: The interaction with MAO leads to the condensation of the vicinal groups. 46, 47 The silica used for MAO impregnation (Si-0Al) possesses a certain degree of dehydroxylation due to the pretreatment, as can be read in the Experimental Details section (2 mmol of OH per gram). Noteworthy is the observation that FT-IR bands corresponding to isolated terminal silanol groups are visible in the FT-IR spectra for Si-0Al and for the low-loaded activators (Figure 1a) , i.e., Si-6Al and Si-9Al, but cannot be detected in the higher loaded activators. This indicates that the terminal silanol groups react with the MAO solution upon impregnation. Bands corresponding to isolated silanol groups are less intense in Zr/Si-0Al and Zr/Si-6Al in comparison with their counter activators (Si-0Al and Si-6Al), and not visible in sample Zr/Si9Al. This indicates the reaction between the these terminal silanol groups and the zirconocene precursor. The resulting Cp 2 Zr(X)O(SiO 2 ) n type species can be activated through treatment with excess MAO. 1, 48 However, in the absence of an MAO treatment after metallocene deposition, as is the case in this work, the reaction between silanol groups and metallocene precursor is reported to negatively affect the ethylene polymerization activity of the catalyst. 1, 24, 49, 50 The MAO solutions employed for the impregnation of silica supports are produced through the slow hydrolysis of TMA. 28 As a consequence, the MAO solutions contain a small percentage of TMA, which, in this particular case, is ca. 5.2 wt%. Panchenko et al. indicated that it is actually the TMA present in the MAO solution, which reacts with the isolated silanol groups, producing methane (CH 4 ) and Si−O−AlMe 2 bonds, whereas MAO itself is merely strongly adsorbed on silica but not chemically grafted. 1, 18 In this particular case, activators Si-(12-16)Al do not contain isolated silanol groups anymore (in contrast to the lower-loaded activators (Si-(0-9)Al)), which is indicated by the absence of a sharp peak at 3740 cm −1 . All isolated silanol groups that were originally present in the parent silica are therefore considered to have reacted with the TMA present in the MAO solution. The amount of TMA in the MAO solution used for the preparation of activator Si-12Al indeed matches the concentration of free silanol groups on the support surface (2 mmol/g).
These results are in accordance with recently published results by Bashir and coworkers, who studied the effect of temperature treatments of the silica support on the catalytic performance of a supported (n-BuCp) 2 ZrCl 2 catalyst. They found that when silica is treated at temperatures higher than 723 K, the impregnated MAO can interact both with isolated silanol groups and siloxane groups, evidenced by the formation of Si−CH 3 groups. Since the silica employed in this study was treated at 423 K, the MAO indeed only interacts with the silanol groups, as indicated in Figure 1 . According to Bashir and coworkers, higher temperature treatments of the silica lead to the formation of more active sites in the supported MAO on which then, consequently, more metallocenes can anchor. The quality of the resulting polymers, however, does not alter upon different temperature treatments. This is also indicated in our results, since an increase of active species in MAO results in a higher polymerization activity but does not improve the resulting polymer properties. 51 With increasing MAO content, there is an appearance and increment of FT-IR bands in the 3050−2750 cm −1 region and around 1430 cm −1 , assigned to ν-CH and δ-CH bands, respectively. Since CH bonds are not present in the parent silica, these bands are attributed to ν-CH 3 and δ-CH 3 vibrations originating from Al−CH 3 groups, from increasing the loading of MAO. 28 During the synthesis of the activators, these methyl groups in MAO also might interact with the siloxane groups on the silica support, producing Si−CH 3 and Si−O−Al−Me 2 bonds. However, due to the similarity in atomic mass of aluminum and silicon atoms, it is not possible to distinguish between Al−CH 3 and Si−CH 3 vibrations, and therefore, it is hard to determine if an interaction between MAO and siloxane groups has taken place. 18 The presence of ν-CH bands in the FT-IR spectra of MAO-free Zr/Si-0Al (Figure 1b) at 2965, 2936, 2880, and 2867 cm −1 that were absent for Si-0Al can be ascribed to the CH 3 and CH 2 stretching vibrations of the Macromolecules Article methyl and butyl groups of the cyclopentadienyl derivative ligand in the zirconocene precursor. For the MAO-loaded samples, these bands are overshadowed by the CH 3 stretching vibrations of the MAO. The cyclopentadienyl ligands of the metallocene, however, can be identified with CH bending modes at 1508, 1470, 1445, and 1384 cm −1 (see Table S3 in the Supporting Information).
52,53
Characterization of the Acid Sites by Probe Molecule FT-IR Spectroscopy. The combination of FT-IR spectroscopy with two different probe molecules (pyridine and CO) allowed the study of the acidic properties of the activators and respective catalysts. Pyridine, being a stronger base than CO (pK a = 5.25 for the conjugated acid), is able to interact with strong acid sites and provide a good indication of the overall acidity of the samples. 54 Although frequency shifts in FT-IR spectroscopy induced by the coordination of strong bases to Lewis acidic centers are characteristic for particular elements, they are rather insensitive to the local environment. In contrast, the weak base carbon monoxide responds more sensitively to local coordination states and is therefore more informative about the strengths of the different Lewis acid sites in the supported activator. 55 In the next sections we will respectively discuss the interactions of the activators and catalysts with pyridine and CO as studied with FT-IR spectroscopy, followed by the quantification of acid sites and the correlation with their respective olefin polymerization activity.
FT-IR Spectroscopy of Pyridine Adsorption at Room Temperature. For all samples (activators and catalysts), pyridine adsorption was allowed for 30 min to reach saturation at ambient temperature and low pressure (10−20 mbar). The resulting spectra are depicted in the Supporting Information along with an extensive discussion ( Figures S1 and S2 ). Since FT-IR bands corresponding to physisorbed, H-bonded, and Lewis acid site coordinated pyridine can overlap in the C−H ring vibration region, the samples underwent vacuum desorption followed by a temperature treatment at 473 K to remove the physisorbed pyridine. 56, 57 This aided the visualization of chemisorbed pyridine in the studied materials and allowed for a more accurate quantification of the acid sites. Figure 2 depicts the density normalized FT-IR spectra in the C−H region for all activators (a) and catalysts (b) after this desorption treatment.
Pyridine probed the presence of one type of Lewis acid sites in the studied activators and catalysts, indicated by the four intense bands at 1620, 1576, 1493, and 1453 cm . Upon adsorption on acid sites, these modes are perturbed. The stronger the acid site, the stronger is the perturbation of the vibrational modes. 58−62 Pyridine allows the distinction between the Lewis acidity of Al 3+ with an octahedral (8a: 1614 cm −1 ) and tetrahedral (8a: 1622 cm −1 ) coordination, of which the tetrahedral Al 3+ expresses a stronger Lewis acidity character compared with the octahedral coordination. 59, 61, 62 In the studied samples, pyridine mainly binds to the stronger tetrahedral Al 3+ Lewis acid sites in the studied activators. This does not automatically imply that octahedral Al 3+ sites are 
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Article not present, since calculations by Zurek et al. showed that these are often present in the MAO cages. 63 A more likely explanation would be that these sites are not accessible to pyridine. The nature of the Lewis acid sites does not alter upon impregnation of the zirconocene precursor, since the peak positions of pyridine adsorbed on the Lewis acid sites are the same as for the supported activators. The intensity of these peaks, however, is decreased as compared with the supported activators, indicating a loss in the number of accessible acid sites. The quantification of the acid sites is discussed later in this work.
FT-IR Spectroscopy of CO Adsorption at 85 K. As a complementary study, all activators and catalysts were also studied using carbon monoxide adsorption at 85 K. The resulting spectra including discussion can be found in the Supporting Information (Figures S3−S6 ). In the case of CO adsorption, FT-IR bands corresponding to physisorbed, Hbonded, and Lewis acid site coordinated CO do not overlap. Therefore, spectra taken at saturation, that is, when the bands at 2212 and 2198 cm −1 corresponding to CO stretching adsorbed on Lewis acid sites did not increase upon use of higher CO pressure (around 1 mbar), were employed for band assignment and quantification. 18 Figure 3 displays these density normalized spectra for all activators (a) and catalysts (b) at saturation. The zoom shows the CO stretching vibration when adsorbed on Lewis acid sites.
The interaction of CO with the remaining terminal silanol groups of the silica support is characterized with the appearance of a band at 2158 cm −1 . 18, 19, 54 With increasing MAO loading, two FT-IR bands at 2142 and 2136 cm −1 grow in intensity, which are ascribed to CO interacting with O 2− ions on the MAO surface, 64 and liquid physisorbed CO confined in pores, 
Article possibly created through multiple layers of MAO. 65−68 Neither pyridine nor CO probed the presence of Brønsted acid sites in the studied materials. This was not unexpected, since the hydroxyl groups in the samples are silanol groups. These groups are generally not considered Brønsted acids. 69 Moreover, to the best of our knowledge, Brønsted acidity in methylaluminoxane has never been reported in the literature.
With two CO vibrational bands at 2211 and 2198 cm
, indicating the presence of Lewis acid sites with moderate (M-LAS) and weak (W-LAS) strength, CO differentiates between the presence of two different Lewis acid sites in the studied activators. 18 Talsi et al. studied the nature of MAO Lewis acid sites in solution with EPR spectroscopy and concluded that a weak Lewis acid site in MAO consists of a tricoordinated aluminum atom attached to one oxygen atom and two methyl groups (AlOMe 2 ), whereas in the case of moderate LAS the aluminum atom is bound to only one methyl group and two oxygen atoms (AlO 2 Me). The electron-withdrawing inductive effect of the oxygen atoms makes this aluminum atom a stronger Lewis acid site. Furthermore, Hirvi et al. 22 and Luo et al. 21 highlighted the importance of the terminal AlMe 2 + groups of MAO in the activation of the metallocene precursor. Our results are in agreement with these works; weak Lewis acid sites in silica-supported MAO are terminal Al atoms bonded to two methyl groups and, hence, the origin of mobile AlMe 2 + cationic species. The required mobility of these AlMe 2 + species within MAO has been reported before. 21, 23, 70 In accordance with the results from pyridine FT-IR spectroscopy, Figure 3 shows that the nature of the LAS does not alter upon zirconocene impregnation. It is important to stress that while pyridine can indeed be used for surface acidity evaluation, CO adsorption at low temperatures studied with FT-IR spectroscopy is more efficient in discriminating between different acid sites.
The coordination number of the aluminum species in MAO responsible for metallocene coordination has been widely researched. 22, 26, 37, 71, 72 Kuklin and coworkers assigned tricoordinated aluminum to Lewis acid sites and tetracoordinated aluminum species to the origin of mobile AlMe 2 + species. The origin of AlMe 2 + has also often been ascribed to the presence of TMA, which, as mentioned before, is present in the studied activators. Talsi et al. showed that terminal AlO 2 Me and AlOMe 2 groups form adducts with TMA, which was confirmed by Harlan and coworkers. 26, 73 Also, Tritto et al. point to TMA adducts as the origin of AlMe 2 + species. 74 Moreover, the theoretical work of Hirvi et al. calculated that the probability to form the terminal cationic AlMe 2 + species is higher when the aluminum atoms are interconnected by bridging methyl species, thus from tetrahedral Al 3+ species. 22 Luo et al. also proposed that these AlMe 2 + species arise from tetrahedral aluminum, where one of the coordination positions is occupied by a heteroatom, such as oxygen, 21 in accordance with the EPR work by Talsi et al. 26 In connection with our work, CO FT-IR spectroscopy demonstrated the presence of Lewis acid sites with tetrahedral Al 3+ species, analogous to the results from pyridine FT-IR.
An additional FT-IR band at 2153 cm −1 (green star in Figure  3b ) is visible for the catalysts with higher MAO loadings. This band is assigned to CO adsorbed on the cationic monomethylated zirconocene species. 67 No derivative from the zirconocene precursor (bis(1-methyl-3-butylcyclopentadienyl) other than the cationic form is expected to adsorb CO at low temperature and neither does the organometallic complex when grafted to a silica. 75 Because of possible overlapping of the band at 2153 cm −1 with the band at 2158 cm
, it is not possible to deduce from Figure 3 whether catalysts with lower MAO loading do not contain the active monomethylated zirconocene species or whether they are not detected due to a low concentration.
Panchenko and coworkers previously studied the fraction of active metallocene sites on supported metallocene catalysts using the CO insertion reaction into Zr−alkyl bonds with the formation of Zr−acyl derivatives as a probe reaction for the formation of active Zr−alkyl bonds. 27, 76 This would lead to the formation of bands characterizing acyl (ν-CO 1600−1700 cm −1 ) and η-acyl (ν-CO 1525−1550 cm
) complexes of zirconium. 75, 77, 78 The FT-IR spectra of our catalysts upon CO adsorption do not contain any bands in these regions. This is ascribed to the low temperatures (85 K), at which the adsorption experiments were performed. The CO insertion reaction in Zr−alkyl bonds can only take place at elevated temperatures (>273 K). 18, 76, 78 Lewis Acid Site Quantification. For each activator and corresponding catalyst the Lewis acid sites were quantified, which is illustrated in Figure 4 . All probe-molecule experiments for the activators (Figure 4a ) were carried out in triplicate, and the catalysts (Figure 4b) were measured once. The standard deviation was calculated for each activator as a result of the propagation of uncertainty of the three measurements. The 
Article error bars for the catalysts in Figure 4b result from the uncertainties obtained from the mathematical fitting.
A direct comparison between quantitative pyridine and CO FT-IR spectroscopy is not self-evident. Acid sites with an hard character are more likely to interact with pyridine rather than with CO and soft acid sites prefer CO over pyridine. Also, pyridine, being a stronger base, is able to interact with more sites compared to CO. Furthermore, the assumption in the quantification is that probe molecules and acid sites interact in a 1:1 stoichiometry, whereas this is not necessarily true as indicated by studies from Sherborne et al. and Trefz et al. 79, 80 Therefore, it is better to compare trends rather than absolute numbers when looking at the quantification of the Lewis acid sites.
As demonstrated in Figure 4a , both pyridine and CO clearly indicate a trend of an increasing number of Lewis acid sites with higher MAO loading. It was suspected that an increase in the MAO content would lead to an increase in both moderate and weak LAS. Nonetheless, as can be observed in Figure 4a , with increasing MAO loading, the amount of W-LAS (origin of AlMe 2 + ) increases, but the concentration of M-LAS remains fairly constant. Figure 4b depicts the concentration of Lewis acid sites in the catalysts and indicates that part of the Lewis acid sites is consumed by the metallocene precursor. In particular, with increasing MAO loading, more acid sites contribute to the activation of the metallocene precursor. These conclusions are confirmed by both CO FT-IR and pyridine FT-IR spectroscopy. The error bars derived from the mathematical fitting were too small to be visualized for the pyridine FT-IR results (approximately 4 μmol g −1 ). Acidity−Activity Correlation. Figure 5a shows a linear correlation between the concentration of Lewis acid sites in the activators as determined with pyridine FT-IR and activity of the corresponding catalysts. Figure 5b presents the correlation between activity and acidity as determined with CO FT-IR and indicates that it actually is the concentration of weak Lewis acid sites which is linearly correlated with the olefin polymerization activity of the catalysts. The deviating value for Zr/Si-6Al shall be discussed later. This leads to conclude that the immediate interaction between weak LAS and the zirconocene precursor upon impregnation must be essential for the activation process and resulting olefin polymerization activity.
Purposely, the acidic properties of the activators, rather than the catalysts, are correlated with the activity, since the essential step in the activation process is the interaction between the zirconocene and the LAS present in the supported activator upon impregnation. This specific interaction determines the loading of active cationic monomethylated zirconocene species and thus the consequent copolymerization activity. Therefore, it is the ratio of weak LAS before zirconocene deposition to the Zr precursor, which determines the activity. On the other hand, the fact that LAS are still present after zirconocene impregnation (Figure 4b) suggests that the activation process may possibly not be completed until exposed to reaction conditions.
Discussion. It can be concluded that weak Lewis acid sites (tetrahedral aluminum with terminal methyl groups) are responsible for metallocene activation in the heterogenized metallocene-based olefin polymerization catalyst. The concentration moderate LAS, on the other hand, was found to be constant and not correlated to the olefin polymerization activity. This is in contrast with a work on a heterogenized metallocene-based olefin polymerization catalyst by Zakharov and coworkers. 19 Instead, our results highlight the importance of AlMe 2 + species in metallocene activation and resulting catalytic activity in the olefin copolymerization reaction, as proposed by Hirvi et al. and Luo et al. 21, 22 This is also in agreement with previous theoretical studies by Zurek et al. and Bochmann et al., who showed that only at low Al/Zr ratios the cationic monomethylated metallocene is the main observed active catalyst in the olefin polymerization reaction. With increasing MAO loading, however, the AlMe 2 + -coordinated metallocene becomes the observed responsible species for olefin polymerization. 22, 81 This was also the conclusion by Trefz and coworkers, who showed, through electrosprayionization mass spectrometric studies, that AlMe 2 + species are bound in ion pairs to the MAO and become active upon release in a polar solvent (fluorobenzene). These AlMe 2 + species were more active than Lewis acid sites in the MAO. 70, 80 Also, with the use of boron-based activators as molecular models for studying MAO, the formation and reactivity of AlMe 2 + -bound metallocene dichlorides have also been observed with NMR spectroscopy and crystallography. 33, 34 Moreover, an important aspect of metallocene activation is the formation of a counteranion stabilizing the cationic metallocene. The resulting ion pair should not be too tight since the steric hindrance inhibits the insertion of the monomer during polymerization. Strong Lewis acid sites create ion pairs that are too tight after 
Article chloride abstraction, therefore yielding inactive catalyst species. 72 TMA-adducts in MAO activate metallocenes and form loose ion pairs, leading to higher activity in the olefin polymerization reaction. 82 The correlation between W-LAS and the activity seems linear in the majority of the studied range, as illustrated in Figure 5 . At the lower end the catalyst with the lowest MAO content (Zr/ Si-6Al) shows some deviation from this linearity. Zr/Si-6Al shows a significantly higher activity than expected based on the W-LAS concentration. The reason could be related to the first layers of MAO, in other words, the MAO/silica interface. In what follows, we will discuss the consequences of a low MAO loading on the stability of the catalysts.
A computational study by Tyminska et al. suggests that the activated cationic metallocene species can interact with the silica surface resulting in extra stabilization. 29 This leads to a shift in the equilibrium between the neutral precursor and active cationic metallocene toward the latter. In addition, the silica surface may also lower the energy barrier for the ethylene insertion into the Zr−C bond of inactive species compared with their counterpart homogeneous systems. Thus, catalysts with not enough MAO to fully cover the silica support could exhibit a higher apparent activity because of the possibility of the formation of stabilizing interactions between the active species and the surface. At higher loadings, the support is completely covered with additional MAO layers, and the activity is solely the result of interactions between the MAO and the metallocene species.
Beyond the olefin polymerization activity, the performance of a polymerization catalyst is also defined by a good morphology of the polymer particles and the absence of fouling. Fouling can occur when the MAO/metallocene system leaches from the silica support. Consequently, the leached catalyst performs as a homogeneous polymerization catalyst, which is more active but produces a polymer material with an uncontrollable morphology together with bad (low) polymer bulk density. Zr/Si−6Al, Zr/Si−9Al, and Zr/Si−12Al gave reactor fouling and a bad or improper morphology of the polymer. In this regard, heterogeneous catalysts with a low MAO coverage have a bad stability.
The reactor fouling of low MAO-loaded catalysts showed that the MAO loading is also crucial for its grafting to the silica surface. As reported in the literature, most of the MAO is not directly bonded to silica but strongly adsorbed. 1 We propose that the TMA from MAO acts as a linker between the support and the MAO itself by reacting with silanol groups. 18 In that way, at low loadings, there is not enough TMA to keep the MAO homogeneously spread over the support. Therefore, the catalysts impregnated on low-loaded MAO/SiO 2 samples are more likely to experience leaching during reaction because these catalytic active species are adsorbed on the MAO and hence depend on how well MAO is anchored to the silica support. On the other hand, high MAO loadings would lead to an excess of adsorbed versus grafted MAO, which also would eventually lead to the leaching of the subsequent catalyst. 83 
■ CONCLUSIONS
The characterization of the silica-supported activator and corresponding metallocene catalyst with increasing loadings of MAO in combination with their catalytic performance allows to draw conclusions on the multifaceted role of cocatalyst methylaluminoxane (MAO) in the heterogenized metallocenebased olefin polymerization catalyst, as illustrated in Scheme 2. 
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The f irst role of MAO in the supported metallocene-based olefin polymerization catalyst is to provide AlMe 2 + species, originating from weak Lewis acid sites (W-LAS), which are the main responsible species for the activation of the metallocene precursor. All Lewis acid sites in silica-supported MAO originate from tetrahedral Al 3+ species. The concentration of M-LAS (moderate Lewis acid sites) for the studied activator samples is low, constant, and uncorrelated with activity. In contrast, the amount of W-LAS is more abundant, increases with MAO content, and has a linear correlation with the ethylene−1-hexene copolymerization activity. The reactivity of these W-LAS mainly relies on the release of AlMe 2 + from terminal aluminum centers rather than on their strength as a Lewis acid. These results are in accordance with literature remarking the importance of the AlMe 2 + transferable groups. 21, 22 On the other hand, our results contradict literature that indicate the strong Lewis acid sites as activating species, 19 since we show that weak Lewis acid sites are the main responsible species in the MAO/SiO 2 activator for the zirconocene activation in a Zr/MAO/SiO 2 catalyst.
The second role of MAO in the silica-supported catalyst is to scavenge all surface hydroxyl groups, hence preventing metallocene deactivation. It is proposed that TMA, inherent to commercial MAO solutions, interacts with these silanol groups. In the case of an insufficient amount of TMA, the remaining silanol groups can interact with the metallocene precursor leading to the irreversible formation of deactivated species. In our work, a minimum MAO loading of 12 wt% Al is required to scavenge all silanol groups in the studied silica support.
Third, TMA-titrated silanol groups act as anchors on which multiple layers of MAO can strongly adsorb. A critical amount of MAO (14 wt% Al) is required to stabilize the metallocenes on the surface and prevent them from leaching from the surface. This is necessary to reduce reactor fouling and irregular morphology of the produced polymers.
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